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Center for Neutron Science 
www.cns.che.udel.edu 

Measuring the nanoscale to engineer nanomaterials for 
 sustainable energy, protective materials, and improving 

human health 
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Applications require intimate 
knowledge of the structure 
and rheology of WLMs. 
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Hu and Lips (2005) J. Rheology 45(1): 1001-10027. 

�!. 

Decruppe  et al. (1995) Coll. Polym. Sci. 273(4): 346-351. 

Rehage and Hoffman (1991) Molecular Physics 74(5): 933-973. 

Stress plateau 

Birefringence banding Spatiotemporal fluctuations 

Heterogeneous flow 

Becu et al. (2004) Phys Rev. Lett. 93(1): 1-4 

interface position 

time! 
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Hypothesis: A non-monotonic constitutive relation results in segregation of  the 
flow-field into two distinct shear �states�. 

Questions: Are there microstructural changes driving this nonequilibrium instability?  
  Are there concentration differences between the bands?  
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Small Angle Neutron Scattering (SANS) 
3-D real-space microstructure under shear 

XAY!9L'4P+#0+'%&H'ZL'6"#/%#'NT[ATO'"#$$%&'!()*&*+&!*&!"+,,+*-!.&-!/&'%$0.1%!21*%&1%'ACFKH\'UU]^UL'
XTY'9L'_%:+'`3#&"&5'6L'>"3*0%8'`"H=#.&5'!"#$%&'(L')%*&+#5'9%#"&'6L'aL'4P+#0+5'6%30'23:0+#5'Z."&+0'6"#/%#L''("3#&%0'"='W.83%0.b+H'4FG+#.$+&:8L'345!%67893!!:;874<='
XUY'cL'Z.P+#%:"#+'+:'%0L'>?@A=!B%C=!D!LM5'[T[d[^'NT[[DOL

`3#&"&5'9L'_L5'`"H=#.&5'6L'>L5')%*&+#5'!L'(L5'4P+#0+5'9L'6L'aL5'23:0+#5'6L5'6"#/%#5'ZL''
E%.A#$*&F!E.'%$*.,!E*1$+A'$#1'#$%!G&-%$!H,+I!GA*&F!7J;!>,.&%!H,+IJ2K.,,!
L&F,%!M%#'$+&!21.N%$*&F= ' ''
'O=!P*A=!DQ)='Ne^O5'+dA[De5'H".\A[LUCBAVdA[De'NT[A^OL'
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Kim et al. JOR (2014), Gurnon et al. Soft Matter (2013)  
Lopez-Barron et al. Physical Review Letters, 108, 258301 (2012). 
Rogers, et al. Soft Matter, (2012), 8, 3831 
 

velocity- velocity gradient plane  
LAOS time-resolved SANS LAOS time-resolved SANS 

A. Kate Gurnon, P. Douglas Godfrin, Norman J. 
Wagner, Aaron P. R. Eberle, Paul Butler, Lionel 
Porcar. “Measuring Material Microstructure under 
flow using 1-2 plane flow- Small Angle Neutron 
Scattering,” JOVE (2014). 



! = 0.42 s 
G0 = 103 Pa 
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Relevant length- and time- scales: 
5.1% w/w cetylpyridinium chloride and 1.1% w/w sodium salicylate  
(2:1 molar ratio) in a 0.5 M NaCl and D2O brine 

 

xm [nm] 34±5 (kbT/G0)1/3

lp [nm] 24±3 from birefringence measurements2 

le [nm] 43±15 xm
5/3/lp

2/3 

Lc [nm] 334±100  G''min/G0= le/Lc 

rcs [nm] 1.8±0.1 From SANS model fit 

"SLD 6.08!10-6 #SLD,PLM - #SLD,solvent 

2 F. Nettesheim, M. W. Liberatore, M. E. Helgeson, P. A. Vasquez, P. Cook, Y. T. Hu, N. J. Wagner, L. Porcar. Microstructural mechanisms for shear 
banding in semi-dilute wormlike micellar solutions. (in preparation). 

Dimensionless groups: 
 
Deborah Number:  De = $% = 0.23 and 2.3 
 
Weissenberg Number:   Wi = $%&0 = 1.2, 2.3 and 23 
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Relevant length- and time- scales: 
5.1% w/w cetylpyridinium chloride and 1.1% w/w sodium salicylate  
(2:1 molar ratio) in a 0.5 M NaCl and D2O brine 

 

The WLMs persist for steady and oscillatory shear conditions. 

q q 
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•! 3 regions for steady shear 
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Metastable states of WLMs created with LAOS 
[De = 0.23, Wi = 2.3] 

B 

Wi = 2.3 
•! Steady shear = shear banding 
•! No banding instead a metastable 

state created and interrogated 
using LAOS 

•! Secondary loops associated with 
a stress overshoot during LAOS 

Gurnon et al.  Soft Matter, 2014 
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VSANS!
Very Small-Angle Neutron "
Scattering Diffractometer'
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Biotherapeutics: 
Next Generation of Pharmaceutics  

 








https://www.pharmatching.com/blog/2011/01/what%E2%80%99s-the-
matter-with-monoclonal-antibodies/'

o  Immunological'and'allergic'
disorders'as'well'as'oncology]
related'abnormaliQes'

o  Structural'specificity'and'low'
toxicity'

' 
o  Several'dozen'MAbs'have'

been'approved'by'the'FDA'for'
clinical'use'and'several'
hundred'are'currently'in'
development'
o  New and exciting protein 

constructs have entered the 
pipeline (e.g. diabodies, MAb 
fragments, drug conjugates) 

Importance of 
biotherapeutics: 

Unmet medical needs 

35




• More convenient subcutaneous delivery is desired 
for the clinical or home setting 

• Smaller volumes (<1.5 mL) require larger 
concentrations for same effectiveness 
 
• In some cases, larger concentrations lead to an 
undesirable viscosity 

• Biopharmaceutical trend: even early stage 
development screens are now including 
techniques/methods to predict whether the 
candidates will exhibit elevated viscosities at high 
concentrations (light scattering techniques) 
 
• Also manufacturing process steps are  impacted, 
such as concentration, filtration and fluid transport 

Delivery and Manufacturing (CMC or Developability) Issues 

hIp://www.glassdoor.com/Photos/Genentech]Office]Photos]E274_P2.htm'

hIp://pramlinQde.net/how]to]use]pramlinQde/'
36




High Concentration MAb Viscosity
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Fab 

Fc 

Genentech’s MAb1 and MAb2 Comparison!

S. Yadav, T. M. Laue, D. S. Kalonia, S. N. Singh, and S. J. Shire, Molecular Pharmaceutics, 2012, 9, 791–802. 

CDR loops 

MAb1 – more charged residues in the CDR loops 
MAb2 – more polar or hydrophobic residues in CDR loops 

38!



MAb Cluster Characterization Procedure 

! 
Incident beam 

Scattered beam 

Detector 

q 

( ) bkgqSqPV
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Connection Between Interactions and Scattering!

+ salt 



Neutron spin echo results, dimeric clusters

•  Neutron spin echo (NSE) data:


mAb2 

mAb1 

mAb1 cluster is about 1.7X that of 
mAb2 in 0mM NaCl case Extended'Dimers'



Cluster Formation and Enhanced Viscosity

Combining NSE and SANS 
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Eric'J.'Yearley,'Isidro'E.'Zarraga*,'Steven'J.'Shire,'
Thomas'M.'Scherer,'YaQn'Gokarn,'Norman'J.'
Wagner,'Yun'Liu*,'“Small]Angle'Neutron'ScaIering'
CharacterizaQon'of'Monoclonal'AnQbody'
ConformaQons'and'InteracQons'at'High'
ConcentraQons”,'Biophysical'Journal,'105,'
720]731(2013)'
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MAb Neutron Spin Echo Data


MAb2 50mg/mL 

MAb2 150mg/mL 

MAb1 150mg/mL 

MAb1 50mg/mL 
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MAb Neutron Spin Echo Data!

Ratio of DS  
Between 
MAb2 and  
MAb1 

MAb2 

MAb1 
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•  SANS is a very useful tool to investigate the interaction types in solution 

•  NSE is a powerful tool to study the formation and types of dynamic clusters in solutions. 
 
•  MAb1 forms small clusters at low concentrations driven by an anisotropic attractive 

interaction 

•  Small clusters doesn’t seem to grow with the increase of volume fraction. 

•  The large increase of viscosity of MAb1 is due to the formation of small dynamic clusters 
while MAb2 viscosity is dominated by the monomeric motions in solutions. 

•  What about SANS low-Q upturn in MAb1 150mg/mL at 150mM NaCl and the NSE data 
showing loss of long-lived dynamic clusters?  Why doesn’t the viscosity of MAb1 collapse to 
the levels of MAb2 with the addition of salt 

•  One explanation:  the viscosity decreases significantly (but not to the levels of MAb2) 
because the attractive electrostatic forces holding the cluster together is suppressed by 
the salt, but the ability of the MAb1 proteins to move closer to each other is enhanced 
due to the screening of the repulsion and increased in hydrophobic associations 
forming a larger, loose network (in comparison to MAb2) 

 

Conclusions
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I(Q) ~ P(Q)S(Q) 

P(Q) 

S(Q) 

P(Q) or form factor – gives  
information on the shape and  
size of a protein 
 
 
 
S(Q) or structure factor – gives  
information on the interactions  
between proteins  

OR OR 

OR ~1000 Å ~10 Å 

Typical MAb SANS Patterns!
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MAb Self-Associations 
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MAb Self-Associations 
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MAb Self-Associations 

*Asymmetric  
shape and  

charge 
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•! 1,2 plane STR-SANS is available at the ILL Grenoble and at the 
NCNR NIST 

•! RheoSALS with temperature control is available from TA 
Instruments 

•! Region I Stress-SANS Rule demonstrated 
for entangled flowing WLMs 

•! Region II Metastable states of  flow-aligned, 
entangled WLMs with shear-induced 
concentration fluctuations as precursor to 
shear banding 

•! Region III flow-aligned, shear demixed 
WLMs with different SSR coefficient 

•! LAOS with STR-SANS are powerful tools 
to develop structure property relationships 
for complex fluids and to test nonequlibrium 
thermodynamic models 
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Nonlinear entangled WLM during LAOS  
[De = 0.23, Wi = 1.2] 

A 

Wi = 1.2 

Arrows denote the average angle of  orientation and the alignment factor at each condition given the SANS 2D 
scattering pattern.  

Gurnon et al.  Soft Matter, 2014 
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Stress-SANS Rule 

Good agreement for the local stress at both the inner and outer positions and the 
macroscopic stress response during rheology measurement. 
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Stress-SANS law 

Neither the inner or outer positions neither capture the stress overshoot, the missing 
stress must be the result of larger length-scale structures. 
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1 E. Helfand & G. Fredrickson, Large Fluctuations in Polymer Solutions under Shear, PRL 62 (21) 2468 (1989) 
2Y.T. Hu et al. , Shear thickening in low-concentration solutions of wormlike micelles I., JOR 42(5) 1185 (1998) 

 3P. Thareja et al., Shear-induced phase separation (SIPS) with shear banding in solutions of cationic surfactant and salt. J. Rheol. 55, 
1375 (Nov, 2011).'
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Evidence of supra-molecular microstructure 
Rheo-Small Angle Light Scattering (SALS) 

[De = 0.23, Wi = 1.2] [De = 0.23, Wi = 2.3] 

•! Butterfly patterns during SALS caused by concentration fluctuations 
•! LAOS rheology - stress overshoot corresponds with butterfly patterns in rheo-SALS 

which result from shear induced concentration fluctuations during LAOS. 
•! Shear banding microstructure origin is concentration fluctuations resulting in stress 

overshoot 

Hashimoto and 
Kume, J. Phys. 
Soc. Jap. 1992 
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•! 1,2 plane STR-SANS is available at the ILL Grenoble and at the 
NCNR NIST 

•! RheoSALS with temperature control is available from TA 
Instruments 

•! Region I Stress-SANS Rule demonstrated 
for entangled flowing WLMs 

•! Region II Metastable states of  flow-aligned, 
entangled WLMs with shear-induced 
concentration fluctuations as precursor to 
shear banding 

•! Region III flow-aligned, shear demixed 
WLMs with different SSR coefficient 

•! LAOS with STR-SANS are powerful tools 
to develop structure property relationships 
for complex fluids and to test nonequlibrium 
thermodynamic models 
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Disentangled high shear state of WLMs 
[De = 2.3, Wi = 23] 
Please click on the movie below to play it: 
SANS arrow’s magnitude and direction defines the degree of alignment and angle of orientation 
respectively. 

For LAOS of equivalent Wi as region III, a highly 
aligned, oriented microstructure persists 
throughout the oscillatory cycle. The materials is 
largely shear thinning and less viscoelastic than the 
previous two conditions. 

C 

Wi = 23 Microstructure at two positions across the 
gap for comparable steady shear Wi. 



67 

The stress-SANS rule using the segmental microstructure fails to predict the rheology 
stress however, the rheo-SALS experiments show a persistent butterfly pattern 
during the oscillation. Evidence of a supra-molecular state that cannot relax during 
the oscillation cycle indicates that shear induced demixing occurs during LAOS.  

LAOS stress of the disentangled,  
 high shear state of WLMs 
[De = 2.3, Wi = 23] 

LAOS stress of the disentangled,  
Q 

   ! " QQ



'f.)+(g9"&#&J()+H\''d\[[]d\AdG$'\MM*',"&Q&+&:%0'D5'g.0:"&(
B?%+,+F@!.&-!E*1$+A'$#1'#$%!+0!"+&1%&'$.'%-5!M%.$![.$-J2)?%$%!

"+,,+*-.,!\*A)%$A*+&A!G&-%$!2'%.-@!2?%.$!.&-!R.$F%!LK),*'#-%!
(A1*,,.'+$@!2?%.$!*&!L,,!]?$%%!>,.&%A!+0!2?%.$!

Z%-=!7;^Y8J7^88!>E ! !T+,-%&!T.'%!3!:[*,'+&< ! !!
]?+K.A!X.$+&!LI.$-!R%1'#$%^'E-+%#'k-./@+&.&*'1'`+0%Q"&'.&',"00".H%0'>.8G+#8."&8']'
!"&+l3.0.P#.3$'E:%:+8'%&H'k-+.#'9GG0./%Q"&8'.&'6+#8"&%0'6#":+/Q<+'4l3.G$+&:'

De'



;&H+#8:%&H.&*':-+'&"&0.&+%#'8-+%#'#-+"0"*7'"='/"$G0+F'J3.H8']'.&/03H.&*'G"07$+#85'8+0=]%88+$P0.&*'8"03Q"&85'/"00".H8'%&H'&%&"G%#Q/0+'
838G+&8."&8']'.8'%H<%&/+H'P7'H.#+/:07'$+%83#.&*':-+'$./#"8:#3/:3#+N8O'#+8G"&8.P0+'="#':-+'8:#+88'3&H+#'H+="#$%Q"&L'a-+"]"GQ/85'H.#+/:'
<.83%0.b%Q"&5'#-+"]!ca5'%&H'0.*-:'%&H'F]#%7'8/%I+#.&*'3&H+#'J"?'%#+'%$"&*':-+'<%#."38'$+:-"H8'%GG0.+H':"'%'?.H+'<%#.+:7'"='$"H+0'%&H'
.&H38:#.%0'878:+$8':"'%.H'.&':-+'H+<+0"G$+&:'"='8:#3/:3#+]G#"G+#:7'#+0%Q"&8-.G8'%&H'"K+&5':"'#%Q"&%0.b+'8++$.&*07'%&"$%0"38'#-+"0"*./%0'
P+-%<."#L'k-+8+'$+:-"H8'%#+'"K+&'878:+$'8G+/.R/5'-"?+<+#5'%&H'%'l3%&Q:%Q<+5'#"P38:5'%&H'P#"%H07'%GG0./%P0+'$+:-"H'/%G%P0+'"='$+%83#.&*'
:-+'=300':-#++]H.$+&8."&%0'$./#"8:#3/:3#+'#+$%.&8'%&'+FG+#.$+&:%0'/-%00+&*+L'S&H++H5'8"$+'"=':-+'$"#+'.&:+#+8Q&*'&"&0.&+%#'+y+/:85'83/-'%8'
8-+%#]P%&H.&*'%&H'8-+%#].&H3/+H'G-%8+':#%&8="#$%Q"&85'?-+#+':-+'J"?]R+0H'%&H'$./#"8:#3/:3#+'%#+'.&Q$%:+07'/"3G0+H5'#+l3.#+':-+'%P.0.:7':"'
#+8"0<+':-+'$./#"8:#3/:3#+'P":-'?.:-'8G%Q%0'%&H'Q$+'#+8"03Q"&L'
'
S&':-.8'G#+8+&:%Q"&'?+'#+<.+?'%'#"P38:'%&H'P#"%H07'%GG0./%P0+'$+:-"H'38.&*'&+3:#"&'8/%I+#.&*':"'$+%83#+':-+'$./#"8:#3/:3#+'.&'%00':-#++'
G0%&+8'"='J"?5'%&H'?.:-'8G%Q%0'%&H'Q$+]#+8"03Q"&L'!+3:#"&'8/%I+#.&*'-%8'%'H.8Q&/:'%H<%&:%*+'%8'$"8:'$%:+#.%08'%#+'%$+&%P0+':"'8:3H7'P7'
&+3:#"&'8/%I+#.&*5'3&0.@+'F]a%7'%&H'0.*-:'8/%I+#.&*L'h3#:-+#5':#307'3&.l3+'+FG+#.$+&:8'%#+'G"88.P0+'P7'8+0+/Q<+'.8":"G./'83P8Q:3Q"&5'?-./-'
%00"?8'G#"P.&*'/"$G"&+&:8'.&'%'$.F:3#+'P7'/"&:#%8:'$%:/-.&*L')+'-%<+'%HH#+88+H':-.8'/-%00+&*+'P7'H+<+0"G.&*'%',"3+I+'*+"$+:#7':"'%//+88'
:-+'A]T'N<+0"/.:7]<+0"/.:7'*#%H.+&:'G0%&+'"='J"?O'P7'8$%00'%&*0+'%&H'30:#%]8$%00'%&*0+'&+3:#"&'8/%I+#.&*L''h3#:-+#5'8G%Q%0'#+8"03Q"&'"='"#H+#'A[['
$./#"&8'.8'%/-.+<+H'P7'%&'%G+#:3#+':-%:'8/%&8'%/#"88':-+'J"?L'',"$P.&+H'?.:-'%'&"?'/"$$+#/.%05'#-+"]E9!E',"3+I+'*+"$+:#7':-%:'+&%P0+8'
#%H.%0'N<+0"/.:7]<"#Q/.:7O'%&H':%&*+&Q%0'N<+0"/.:7'*#%H.+&:]<"#Q/.:7O'$+%83#+$+&:85':-+8+'.&8:#3$+&:8'G#"<.H+':-+'R#8:'$+%83#+$+&:8'"='
$./#"8:#3/:3#+'.&'%00':-#++'G#"z+/Q"&8'"=':-+'J"?'%&H':-385'#+/"&8:#3/Q&*':-+'=3005':-#++'H.$+&8."&%0'J"?.&*'$./#"8:#3/:3#+L'h3#:-+#5'Q$+'
H+G+&H+&:'H+="#$%Q"&8':-%:'%#+'"K+&'38+H':"':+8:'G-78./%007]P%8+H'/"&8Q:3Q<+'$"H+085'83/-'%8'J"?'8:%#:]3G'%&H'0%#*+'%$G0.:3H+'"8/.00%:"#7'
8-+%#'NZ9MEO5'%#+'G#"P+H'P7'8:#"P"8/"G./%007'87&/-#"&.b.&*':-+'H+="#$%Q"&'R+0H'%&H':-+'8/%I+#+H'&+3:#"&'/"00+/Q"&':-#"3*-'Q$+'8:%$G.&*'
%&H'P.&&.&*'$+:-"H8L'h.&%0075'&+3:#"&'8/%I+#.&*'.8'%&'%P8"03:+'8/%I+#.&*'$+:-"H'83/-':-%:'0"/%0'/-+$./%0'/"$G"8.Q"&'/%&'%08"'P+'$+%83#+H'
3&H+#'J"?L''k-.8'+&%P0+H'H+:+#$.&.&*'83/-'+y+/:8'%8'8-+%#].&H3/+H'/"&/+&:#%Q"&'*#%H.+&:8L'k-+8+'.&8:#3$+&:8'%#+'&"?'%<%.0%P0+'="#'38+'P7':-+'
/"$$3&.:7'%:':-+'S&8Q:3:+'Z%3+'Z%&*+<.&'.&'43#"G+'%&H'%:':-+'!SEk',+&:+#'="#'!+3:#"&'a+8+%#/-'.&':-+';LEL'
'
a+/+&:'#+830:8'="#':-+'8-+%#]/#78:%00.b%Q"&'"='8+0=]%88+$P0+H'P0"/@'/"G"07$+#'$./+00+8'.&'."&./'0.l3.H8'3&H+#'Z9ME5':-+'8-+%#'P%&H.&*'"='?"#$]
0.@+'$./+00+8'3&H+#'8:%#:]3G'J"?5'%&H':-+'Q$+]H+G+&H+&:'$./#"8:#3/:3#+'"='8-+%#':-./@+&.&*'/"00".H%0'H.8G+#8."&8'%&H'/"00".H%0'*+08'3&H+#'Z9ME'
%#+'G#+8+&:+H':"'H+$"&8:#%:+':-+'P#+%H:-'"=':-+'$+:-"H'%&H'-"?':-+8+'$+%83#+$+&:8'G#"<.H+'=3&H%$+&:%0'$./#"8:#3/:3#%0'H%:%'+88+&Q%0'="#'
3&H+#8:%&H.&*':-+'#-+"0"*75'%8'?+00'%8'="#'/#.Q/%007':+8Q&*'#-+"0"*./%0'/"&8Q:3Q<+'$"H+08'"=':-+8+'/"$G0+F'J3.H8L''

DB'



a+0%F%Q"&'Q$+\''

60%:+%3'$"H3038\'

2#+%@%*+'Q$+\'

a+G:%Q"&'Q$+A\'

Linear viscoelastic response: 
 

 - Nearly Maxwellian behavior 
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WLM formation with ionic surfactants: 

E/-3P+#:'+:'%0L5'Z%&*$3.#'Kp5'^[CB5'T[[U'

Relevant length scales in WLMs: 

o! Contour Length, Lc 

o! Entanglement length, le 

o! Mesh size, �M 

o! Persistence length, lp 

o! WLM radius, rcs 

Length scales have been and can be 
obtained from birefringence, linear 
rheology and small-angle neutron 
scattering CT'
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Bead-spring chains with anisotropic friction: 

Model couples non-monotonic stress to 
anisotropic drag through !. 

'< 0.5 ! monotonic 
 
'> 0.5 ! non-monotonic 
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The Giesekus-diffusion (G-D) model1: 
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[1] H. Giesekus (1982) J. Non-Newt. Fluid Mech., 11(1-2): 69-109. 
[2] Helgeson et al. (2009) Journal of Rheology, 53(3): 727-756.  

Q 

Orientational ellipsoid 
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New sample environment: shear cell  
SpatioTemporal Resolved Small Angle Neutron Scattering  
(1-2 flow-STR SANS)1,2,3 

Aaron Eberle 

A$$'(1) Velocity 
(2) Velocity gradient 
(3) Vorticity 
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http://www.tainstruments.com 
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Incident light travels in the shear gradient direction, so that the 
scattering is in the plane of the shear and vorticity directions.  
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density filter 

Beamstop 

Analyser  
(polariser) 

2 mm 

Pinhole 

Convex 
lens 2 

Mirror 

Convex 
lens 1 

Adjustable 
Planoconvex 

lens 

N3@G3(_eA+"%/+&).B(1+)(9A(Thareja et al.  JOR 2012 
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!#B-/+"(3#B9C#&1((!#B-/+"(3#B9C#&1((

Hashimoto and Kume, J. Phys. Soc. Jap. 1992 

•!Predicted for heterogeneous 
polymer networks by Bastide, 
Leibler and Prost, Macromol. 1990 

•!Extended to explain shear-
induced concentration 
fluctuations in polymer solutions 
by Hashimoto and Kume, J. Phys. 
Soc. Jap. 1992 

•!Observed for shearing wormlike 
micelles by van Egmond  (1997) 
and others…  

Thareja  et al.  JOR 2012 
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